Traumatic brain injury (TBI) is a major public health issue around the world. Pediatric TBI patients are at risk of long-term disabilities, as a brain injury sustained during development can affect on-going maturational processes. The white matter (WM) in particular is vulnerable, as myelination continues into the third decade of life and beyond, and poor myelination of tracts can result in decreased integration within brain networks. In addition, variability and heterogeneity are hallmarks of TBI, e.g., injury-related variables and symptoms. These issues combined with small sample sizes limit the power and generalizability of individual studies. In the present study, we employed a meta-analytic approach, combining data across 4 pediatric TBI samples resulting in 104 TBI (75M/29F) and 114 control participants (70M/44F) between 7-18 years, using harmonized processing and analysis as part of the ENIGMA consortium (Enhancing NeuroImaging Genetics through MetaAnalysis). We report lower fractional anisotropy (FA) values in TBI patients across several post-injury windows, particularly in central WM tracts. Within the TBI patient group, we also report marginally significant results of lower FA in younger TBI patients, patients scanned closer to time of injury, and female patients. Although this meta-analytic approach yielded the largest sample size reported yet in pediatric moderate/severe TBI (msTBI) neuroimaging, our trends indicate that larger sample sizes are needed in further studies. As additional cohorts join the ENIGMA Pediatric moderate/severe TBI (msTBI) effort, more robust effects will be revealed. (CDC, 2016). More than half a million children experience TBI each year, with the majority being mild injuries. The white matter (WM) is particularly vulnerable to disruption in TBI, and traumatic axonal injury (TAI) is common in more severe injuries. TAI is injury to the axons that occurs when shearing forces during injury cause axons to stretch or break, and via secondary molecular pathways, disrupting communication. Diffusion MRI (dMRI) can offer additional sensitivity to TAI and other WM pathology relative to more conventional imaging methods such as computed tomography (CT) or standard anatomical MRI [1, 2] . Myelination continues into the third decade of life and beyond, so an injury during development can have serious long-term consequences for brain health [3] . DMRI studies in TBI often show lower fractional anisotropy (FA) post-injury, which is an index of WM organization, although higher FA can be seen immediately post-injury [1, 4] . Studies investigating the effect of age at injury have found mixed effects [5, 6] , however these mixed findings could be driven by low sample sizes. There is also a paucity of longitudinal studies of pediatric msTBI using advanced imaging such as dMRI [2, 5, 7, 8] .
Traumatic brain injury (TBI) is the primary cause of death and disability among children and adolescents in the United States (CDC, 2016) . More than half a million children experience TBI each year, with the majority being mild injuries. The white matter (WM) is particularly vulnerable to disruption in TBI, and traumatic axonal injury (TAI) is common in more severe injuries. TAI is injury to the axons that occurs when shearing forces during injury cause axons to stretch or break, and via secondary molecular pathways, disrupting communication. Diffusion MRI (dMRI) can offer additional sensitivity to TAI and other WM pathology relative to more conventional imaging methods such as computed tomography (CT) or standard anatomical MRI [1, 2] . Myelination continues into the third decade of life and beyond, so an injury during development can have serious long-term consequences for brain health [3] . DMRI studies in TBI often show lower fractional anisotropy (FA) post-injury, which is an index of WM organization, although higher FA can be seen immediately post-injury [1, 4] . Studies investigating the effect of age at injury have found mixed effects [5, 6] , however these mixed findings could be driven by low sample sizes. There is also a paucity of longitudinal studies of pediatric msTBI using advanced imaging such as dMRI [2, 5, 7, 8] .
Even among patients with mild injuries, there is tremendous heterogeneity, with injury severity accounting for a small portion of variation in outcome. Heterogeneity in injury variables, premorbid factors, and recovery environment hamper outcome prediction, and there may be individual variation in biological variables such as inflammatory response [2] . In addition, small sample sizes in brain imaging studies limit the reliability and generalizability. A better understanding of the factors that influence injury and recovery processes will help researchers identify patients at risk for prolonged recovery, and may also indicate potential areas of intervention. The ENIGMA consortium (Enhancing NeuroImaging Genetics through Meta-Analysis) addresses the issue of sample size in imaging studies through harmonized processing and analysis of data across sites and meta-analysis of site-level effects.
Here we present preliminary results using the ENIGMA framework to examine 4 cohorts of pediatric moderate/severe TBI (msTBI) across a range of post-injury intervals.
MATERIALS AND METHODS

Subjects and Image Acquisition
Participants were scanned and assessed via 4 different studies, for which the severity ranged between complicated mild and severe TBI. Three sites included children who reported to the emergency room with orthopedic injuries as controls, while the fourth used non-injured children as controls. The post-injury study window varied, therefore participants were clustered into 3 phases: acute (0-7 weeks post-injury; 18 TBI and 16 controls), post-acute (2-6 months postinjury; 58 TBI and 86 controls), and chronic (12-26 months post-injury; 60 TBI and 58 controls). The RAPBI and BCM3 studies were longitudinal and include data in the post-acute and chronic phases. The studies included are the following: Recovery after Pediatric Brain Injury study from UCLA (RAPBI), the Cohen's D
Neurobehavioral Outcome of Head Injury in
Children and Evaluation of Mild Head Injury studies of acute pediatric brain injury from Baylor (BCM1 -range 2-7 weeks post-injury, and BCM2 -range 0-7 weeks post-injury), and a study of post-acute and chronic imaging markers of msTBI from Baylor (BCM3). Demographic and clinical information for the three cohorts can be seen in Table 1 . Raw dMRI data were sent to USC and processed through the standard ENIGMA dMRI protocol, which is based on TBSS (tract-based spatial statistics) in FSL [9] (http://enigma.usc.edu). Scans were eddy corrected, FA, MD (mean diffusivity), RD (radial diffusivity), and AD (axial diffusivity) images were calculated using FSL dtifit and FA images were used to register data to the ENIGMA-DTI FA template using FSL FLIRT [10] . Each subject's FA values were then projected onto the ENIGMA-DTI FA skeleton; corresponding voxels from diffusion scans were also extracted. Measures were averaged across the entire skeleton (average FA in figures below), and within each of 5 midline, and 19 bilaterally averaged white matter (WM) regions of interest (ROIs) from the Johns Hopkins University (JHU) atlas, some of which partially overlap. Preprocessing included automated and visual quality control of the data at several stages -raw data were examined for artifacts and registration was visually checked. Histograms were generated for each cohort to enable exclusion of outliers. An overview of the method can be seen in Figure 1. 
Statistics
TBI/control effect sizes (Cohen's D statistics) were calculated within each site, and statistical results were pooled across sites to conduct a meta-analysis on the individual regression parameters, testing for significant group differences in the 4 dMRI measures averaged within each of the WM ROIs. Our primary model included age and sex as covariates. We conducted additional analyses within the TBI group to examine the effect of age at injury, sex, and TSI (time since injury). Our primary analyses were conducted on FA values, with MD, RD, and AD serving as post hoc tests. Results were corrected for multiple comparisons using a Bonferroni correction (p<0.05/25 = 0.002). 
RESULTS
Acute phase
In the acute phase, there were no significant differences between the TBI and control groups, with age and sex as covariates. We found marginally significant results (0.05>p>0.002) of lower FA in the TBI group in the corona radiata, fornix, and average FA across the skeleton. These results are depicted in Figure 2A .
There was an insufficient sample size to examine sex effects within the TBI group. Examining age-at-injury, including age of scan and sex as covariates, we found a significant effect in the right tapetum and marginally 
B. Chronic
Cohen's D significant effects in the internal capsule (RLIC, retrolenticular limb), with older patients having higher FA. These results can be seen in Figure 3A . Lastly, within the TBI group we examined the effect of TSI, including age and sex as covariates. As shown in Figure 4A , we found a marginally significant effect in the IC, with patients further from injury having lower FA.
Post-acute phase
In the post-acute phase, we found significantly lower FA in the TBI group across a large number of ROIs, including the corona radiata, corpus callosum, posterior thalamic radiation (PTR), IC, and average FA. Additional ROIs yielded marginally significant lower FA in the TBI group. These results can be seen in Figure  2B . Within the TBI group, we found borderline lower FA in female TBI patients compared to male TBI patients in the uncinate. These effects were not present when comparing control male and female participants. In fact, control males and females showed far more differences, in the same direction, which were not present comparing male and female TBI patients. This could be due in part to larger control samples. These results can be seen in Figure 5A . Examining age-at-injury, including age of scan and sex as covariates, we found marginally significant effects in the superior longitudinal fasciculus, sagittal stratum, corpus callosum, corona radiata, fornix-stria terminalis (FXST), and RLIC. These results can be seen in Figure 3B . Lastly, within the TBI group we examined the effect of TSI, including age and sex as covariates. We found significantly higher FA in patients further from injury in the superior longitudinal fasciculus and sagittal stratum. We additionally found marginally significant effects in the same direction in the corpus callosum, corona radiata, FXST, external capsule, uncinate, IC, PTR, and tapetum. These results can be seen in Figure 4B. 
Chronic phase
In the chronic phase, we also found significantly lower FA in the TBI group across several segments of the corona radiata and corpus callosum. Additional ROIs yielded marginally significant lower FA in the TBI group, as seen in Figure 2C . Within the TBI group, we found marginally significant lower FA in female TBI patients compared to male TBI patients in the corpus callosum (body) and corticospinal tract (CST). Within controls, marginally significant sex effects were found in the CST, in addition to several other tracts. These were largely in the same direction apart from the superior fronto-occipital fasciculus, for which control females had higher FA than control males. These results can be seen in Figure 5B . As shown in Figure 3C , we found marginally significant effects in the CST when examining age-at-injury, including age of scan and sex as covariates. Lastly, within the TBI group we examined the effect of TSI, including age and sex as covariates. We found a borderline effect in the CST, with patients further from injury having higher FA. These results can be seen in Figure 4C. 
DISCUSSION
Here we present preliminary dMRI analyses from the Pediatric msTBI subgroup of the ENIGMA Brain Injury working group. As prior studies have shown, we found lower FA in the TBI patient group, along with some effects of demographic or clinical variables within patients.
Most of the analyses in the acute phase only yielded marginally significant results, with lower FA in the TBI group, and within TBI patients, lower FA in younger patients and those further in the recovery phase. This is likely due to small sample size for this subset. With additional cohorts we may find more robust effects. Lower FA post-injury is a consistent finding in pediatric msTBI [4] , although higher FA in patients has been reported in the acute phase following a moderate-to-severe injury [1] . Higher FA in patients closer to injury could be due to acute pathology, such as bleeds and edema.
In the post-acute and chronic phases, results were similar, although more extensive and effect sizes larger in the post-acute phase. Fewer results in the chronic phase could indicate some resolution of earlier disruption. We found lower FA in TBI patients compared to controls, especially in central WM tracts such as the corpus callosum and corona radiata. There are several possible explanations for why our effects are localized primarily in central WM. The corpus callosum is particularly vulnerable to injury forces, as the movement of the falx cerebri combined with the weight of both hemispheres places greater strain on the connecting fibers of the corpus callosum [11] . Peripheral tracts may also be affected in a more patient-specific manner, related to the location of lesions. Lastly, reliability of WM measures is best in central WM, particularly when lower resolution dMRI is involved. Future analyses will examine the association between WM disruption and cognitive disruption, with the hypothesis that individual cognitive domains will be associated with specific tract disruptions.
Within the TBI patient group, we found some evidence of an effect of age-at-injury, with younger patients having lower FA. These results were marginally significant, however, and will require larger sample sizes to address in greater detail. We also found marginally significant results suggesting lower FA in patients closer to injury, which could indicate that WM organization recovers over time, although this can only truly be addressed with longitudinal analyses not attempted yet. Lastly, we found some evidence to suggest sex effects, particularly among patients in the chronic phase (>12 months post-injury), with female patients having lower FA than male patients. There have been previous reports of poorer outcome in female concussed athletes compared to male concussed athletes [12] , and even some indications of variation within female athletes based on menstrual phase [13] , but these studies concern mild TBI, not the more severe injuries included here. There is some animal evidence to suggest that axons in females are more flexible and have fewer microtubules, making them more vulnerable to axonal stretch injury [14] . This question again will require larger sample sizes. An especially interesting question related to the issue of sex differences is the impact of pubertal status on recovery from brain injury.
CONCLUSIONS
TBI can lead to long-term disruptions to brain health, especially in WM organization. Heterogeneity and small sample sizes have limited the power of prior studies, but by meta-analyzing smaller studies, we can better understand the reliability and generalizability of results. Here we present preliminary results from the ENIGMA Pediatric msTBI working group, using dMRI to examine WM disruption. While our results were largely borderline, with additional cohorts we expect to find more robust effects. Future analyses will also include neurocognitive measures, to identify specific neural disruptions for individual cognitive domains. With larger samples, we hope to identify meaningful patient subtypes that could help develop and evaluate more targeted treatment options.
